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Interactions	among	multiple	anthropogenic	 stressors	 threaten	 freshwater	 fish	and	
pose	 challenges	 for	 fisheries	 management	 and	 conservation.	 Previous	 studies	 of	
multiple-	stressor	effects	on	freshwater	fish	suggest	a	prevalence	of	antagonistic	in-
teractions.	However,	taxonomy,	life	stage	and/or	environmental	context	likely	mod-
ify	 the	 magnitude	 and	 direction	 of	 fish	 responses	 to	 multiple	 stressors.	 Stressor	
intensity,	impact	mechanism,	exposure	time	and	ecosystem	size	may	further	affect	
interaction	outcomes.	Large-	scale	studies	quantifying	how	these	variables	moderate	













stressor	 impacts.	 Furthermore,	 our	 meta-	analysis	 complements	 studies	 in	 real	
streams,	 rivers	 and	 lakes	 by	 providing	 an	 experimentally	 derived	 context	 for	 the	
growing	number	of	multiple-	stressor	assessments	in	research,	management	and	con-
servation	of	freshwater	fish.
K E Y W O R D S
antagonism,	moderator	variables,	synergism,	weighted	random-effects	meta-analysis
1  | INTRODUC TION
Freshwater	 fish	 populations	 are	 declining	 at	 unprecedented	 rates	
across	 the	 globe	 (Closs,	 2016;	 Gordon	 et	al.,	 2018).	 While	 single	
anthropogenic	actions	may	have	predictable	impacts	on	freshwater	
fish,	we	now	know	that	most	freshwater	ecosystems	are	subject	to	
multiple	 stressors,	 which	 poses	 enormous	 challenges	 for	 conser-
vation	 and	 freshwater	management	 (Closs,	 2016;	Côté,	Darling,	&	
Brown,	2016).	Currently,	there	is	much	uncertainty	whether	stress-
ors	 act	 in	 an	 additive,	 antagonistic	 or	 synergistic	manner	 because	
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interactions	may	 depend	 on	 the	 biological	 or	 environmental	 con-
text.	 Predicting	 multiple-	stressor	 outcomes	 and	 singling	 out	 the	
factors	driving	their	interaction	is	therefore	crucial	for	biodiversity	
conservation.




2008;	Folt,	Chen,	Moore,	&	Burnaford,	1999).	 If	 stressors	 interact	
synergistically,	the	response	is	greater	than	predicted,	whereas	an-
tagonistic	 interactions	 result	 in	 smaller	 than	 predicted	 responses	
(Figure	1;	Folt	et	al.,	1999).	The	development	of	synergisms	and	an-
tagonisms	depends	on	the	mechanisms	of	stressor	effects	(Segner,	
Schmitt-	Jansen,	&	Sabater,	 2014).	 Synergisms	might	 ensue	 in	 situ-








Generalizations	 of	 multiple-	stressor	 effects	 are	 difficult	 due	





susceptibility	and	 response	 to	multiple	 stressors	due	 to	 species-	













responses	 (e.g.	 cortisol	 levels,	 oxygen	 consumption,	 nitrogenous	
waste	 excretion)	 may	 respond	 rapidly	 to	 acute	 stress	 (Barton,	




ation	 in	 intensity	 and	 temporal	 and/or	 spatial	 extent	 of	 stress-
ors.	 For	 instance,	 the	 duration	 of	 exposure	 to	 stress	 can	 affect	
multiple-	stressor	 outcomes	 if	 the	 energetic	 costs	 for	 organisms	
to	tolerate	stressors	increase	with	time,	thus	intensifying	negative	







Salmonidae),	 for	 instance,	 may	 select	 deeper—and	 cooler—water	
layers	in	pools	during	summer,	despite	oxygen	concentrations	being	
lower	than	in	surface	waters,	in	an	attempt	to	reduce	overall	stressor	
effects	 (Elliott,	 2000).	 However,	 increasing	 ecological	 complexity	
coupled	with	larger	spatial	scales	might	also	increase	the	number	of	
indirect	stressors	and	in	turn	increase	the	occurrence	of	synergisms	
under	 the	assumption	 that	diverse	 stressors	 act	 through	different	
mechanisms	(Bruder	et	al.,	2017;	Segner	et	al.,	2014).
Knowledge	of	moderator	 variables	 affecting	 the	prevalence	of	
interaction	 types	 is	 required	 to	 predict	 multiple-	stressor	 interac-
tions	and	to	efficiently	inform	management	and	conservation	(Côté	
et	al.,	 2016;	 Segner	 et	al.,	 2014).	 The	 only	 previous	meta-	analysis	


























































We	 restricted	 our	 analysis	 to	manipulative	 experiments	 testing	 at	
least	two	stressors	and	their	interactions;	manipulative	experiments	
(rather	 than	 surveys	 or	 modelling	 studies)	 are	 arguably	 the	 most	
powerful	tool	for	studying	interactions	between	multiple	stressors	
(see	Crain	et	al.,	2008;	Townsend,	Uhlmann,	&	Matthaei,	2008).	Data	








or	 physiology,	 (d)	 treatments	with	 true	 replicates	 (sensu	Hurlbert,	
1984),	 (e)	 sample	 size	 (n),	 mean	 and	 variance	 (standard	 error	 or	
standard	deviation)	 for	 each	 treatment	 level	 (e.g.	 control,	 stressor	
1,	stressor	2	and	combined	stressors)	obtainable	from	text,	tables	or	
figures	(using	WebPlotDigitalizer;	Rohatgi,	2014).
From	each	 study,	we	 extracted	data	 for	 all	 reported	biotic	 re-
sponse	types	 (e.g.	survival,	biomass—specific	growth	rate;	physiol-
ogy—plasma	 cortisol,	 blood	 pH,	 oxygen	 consumption;	 Supporting	











2.2 | Calculation and classification of interactive 
effect sizes
Interaction	 strength	 between	 two	 stressors	 was	 computed	 ac-





Folt	et	al.,	1999).	Stressor	 interactions	were	classified	as	additive if 
the	95%	confidence	 interval	of	the	 interactive	effect	size	 included	
zero	(Figure	1),	i.e.	was	not	significantly	different	from	the	sum	of	the	
individual	 stressor	effects	 (Crain	et	al.,	2008;	Nakagawa	&	Cuthill,	
2007).	 A	 synergism	 was	 defined	 as	 the	 interactive	 effect	 exceed-

















where	 both	 stressors	 had	 positive	 or	 opposing	 individual	 effects	
and	 the	 positive	 effect	 had	 the	 higher	 absolute	 value	 (in	 contrast	
to	Crain	et	al.,	2008;	where	 interactive	effect	 sizes	 for	 cases	with	










effects	model	 (intercept	 only,	 nlme:lme,	 version	 3.1-	118,	 Pinheiro,	
Bates,	 DebRoy,	 &	 Sarkar,	 2014),	 fitted	 using	 restricted	 likelihood	




a	 separate	 weighted	 mixed-	effects	 model.	 Continuous	 variables	
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(experimental	 duration,	 volume)	 were	 centred	 on	 the	 mean	 and	
scaled	by	two	standard	deviations	(Gelman,	2008).	Outliers	identi-
fied	by	plotting	effect	size	as	a	function	of	each	continuous	variable	
were	 excluded	 from	 further	 analyses	 (e.g.	 Pilati,	 Vanni,	 Gonzalez,	
&	 Gaulke,	 2009;	 large	 experimental	 ponds).	 Categorical	 variables	
with	 fewer	 than	 eight	 values	 per	 level	 (e.g.	 taxon:	 Clupeiformes,	
Perciformes,	Osmeriformes;	Supporting	Information	Table	S2)	were	
also	 excluded	 (Nakagawa	 &	 Cuthill,	 2007).	 We	 report	 effect-	size	









variables,	 the	 initial	 weighted	 linear	mixed-	effects	model	 was	 ex-
tended	to	create	a	global	model	including	all	variables.	From	the	set	
of	 all	 possible	 submodels	 created	using	MuMIn	 functions	 (Barton,	
2002),	 we	 used	 the	 Akaike	 information	 criterion	 for	 small	 sample	
sizes	(AICc)	in	conjunction	with	model	averaging	(“zero”	method)	to	
rank	all	submodels	within	four	AICc	of	the	best	model	(Burnham	&	
Anderson,	 2002).	 Model-	averaged	 parameter	 estimates,	 standard	
errors,	 95%	 confidence	 intervals	 and	 relative	 importance	 of	 each	
moderator	variable	are	reported	for	the	final	model.
2.4 | Publication bias and robustness of results
Publication	bias	was	evaluated	by	constructing	funnel	plots	to	visu-





the	 robustness	of	each	 significant	 result	using	Rosenberg’s	 (2005)	
fail-	safe	number,	which	indicates	the	potential	number	of	additional	
studies	with	no	effect	needed	to	push	the	significance	level	above	






Table	S2).	 The	 data	 included	 five	 species	 of	 Salmoniformes	
(Oncorhynchus tshawytscha,	 Oncorhynchus mykiss,	 Salmo salar,	
S. trutta and Thymallus thymallus),	two	Perciformes	(Lepomis macrochi-
rus,	Oreochromis niloticus)	and	one	each	of	Cypriniformes	(Pimephales 












3.1 | Investigating effects of moderator 
variables separately
Of	the	 four	 fish	orders	 tested	 for	 the	effects	of	moderator	vari-
ables	 (three	 orders	 were	 removed	 due	 to	 small	 sample	 sizes),	
Cypriniformes,	 Esociformes	 and	 Salmoniformes	 showed	 signifi-
cant	antagonistic	responses	(Figure	3),	with	Cypriniformes	show-
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high	variation	in	interaction	outcomes	despite	having	a	similar	sam-
ple	size	as	Cypriniformes	and	Esociformes.	Antagonistic	responses	
did	 not	 differ	 between	Esociformes	 and	Salmoniformes,	 nor	 be-
tween	Characiformes	and	all	other	 taxa	 (Supporting	 Information	
Table	S3).	All	 life	 stages	 showed	antagonisms	 (Figure	3,	Table	1);	
larval	 fish	 did	 so	 with	 a	 greater	 magnitude	 than	 juveniles	
(Supporting	Information	Table	S3),	whereas	adults	showed	a	large	
variation	 in	 interaction	 outcomes.	 Consistent	 antagonistic	 re-
sponses	 were	 demonstrated	 only	 for	 survival	 and	 physiological	
response	 types	 (Figure	3,	 Table	1),	 with	 survival	 demonstrating	
greater	 antagonisms	 than	 biomass	 (Supporting	 Information	
Table	S3).	Although	antagonisms	were	shown	only	for	lentic	habi-
tats	 (Figure	3,	 Table	1),	 the	 difference	 between	 lentic	 and	 lotic	
habitats	 was	 not	 significant	 (Supporting	 Information	 Table	S3).	
All	 stressor	 intensities	 showed	antagonisms	 (Table	1),	 and	effect	
sizes	did	not	differ	significantly	between	intensities.	Experimental	
duration	 (slope	 −0.33	±	0.23)	 and	 volume	 of	 experimental	 units	
(0.04	±	0.85)	both	showed	interactive	effect	sizes	that	were	addi-
tive	(confidence	intervals	of	both	slopes	included	zero).









wards	 synergisms	 with	 increasing	 volume	 (slope	 0.23	±	0.20)	 and	
duration	(0.08	±	0.15).
3.3 | Publication bias
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N	=	183,	 p-	value	=	0.87),	 and	 visual	 inspection	 of	 the	 funnel	 plot	












tified	 in	 the	 context	 of	 predicting	 the	 susceptibility	 of	 freshwater	
fish	 to	multiple	 stressors	 (Schinegger,	 Palt,	 Segurado,	 &	 Schmutz,	
2016;	 Segner	 et	al.,	 2014).	 In	 particular,	 our	 results	 suggest	 that	
taxonomic	identity	and	life	stage	strongly	and	significantly	influence	












The	38	 antagonisms	 reported	 from	 individual	 studies	 included	










4.1 | Occurrence and strength of antagonisms vary 
among fish taxa
In	 our	 meta-	analysis,	 fish	 taxonomy	 strongly	 influenced	 the	 fre-
quency	 and	 strength	 of	 the	 observed	 antagonistic	 interactions,	









95% CI Z p I2
Overall 183 26 −0.54 −0.76 −0.32 4.77 <0.0001 5.45
Taxon Characiformes 10 1 −0.71 −1.50 0.09 1.75 0.080 0.00
Cypriniformes 14 3 −1.55 −2.01 −1.09 6.64 0.000
Esociformes 12 1 −0.61 −1.11 −0.11 2.39 0.017
Salmoniformes 136 17 −0.43 −0.61 −0.25 4.61 <0.0001
Life	stage Larvae 24 4 −1.21 −1.64 −0.79 5.64 <0.0001 1.87
Juvenile 140 17 −0.41 −0.63 −0.19 3.65 0.0003
Adult 8 2 −1.03 −2.00 −0.05 2.07 0.039
Response	type Biomass 26 13 −0.30 −0.72 0.13 1.37 0.171 5.88
Physiology 117 14 −0.62 −0.90 −0.34 4.33 <0.0001
Survival 29 6 −0.92 −1.41 −0.43 3.68 0.0002
Durationa Continuous 172 23 −0.60 −0.84 −0.35 4.73 <0.0001 6.26
Volumea Continuous 172 23 −0.61 −0.86 −0.37 4.89 <0.0001 6.25
Habitat Lentic 152 20 −0.62 −0.88 −0.37 4.74 <0.0001 6.36
Lotic 20 4 −0.52 −1.33 0.28 1.28 0.202
Intensity Low 127 3 −0.98 −1.64 −0.31 2.87 0.004 5.05
Medium 10 5 −0.56 −0.99 −0.13 2.53 0.011
High 35 23 −0.59 −0.85 −0.33 4.42 <0.0001
aThese	continuous	moderator	variables	were	centred	and	scaled;	their	slopes	are	presented	in	the	text.
     |  7LANGE Et AL.
antagonistic	responses	than	cyprinids.	While	we	acknowledge	that	




Fathead	minnow,	 like	most	Cypriniformes,	 is	 relatively	 tolerant	 to	




wider	 environmental	 gradients,	 are	more	 likely	 to	 show	 tolerance	
to	habitat	degradation	and	co-	tolerance	to	additional	stressors	than	
specialists	(Shields	et	al.,	1995;	Vinebrooke	et	al.,	2004).	This	ration-
ale	may	 explain	 the	 greater	 prevalence	 of	 antagonistic	 responses	









Juveniles	 generally	 exhibit	 a	 more	 complex	 and	 diverse	 behaviour	
(including	habitat	and	resource	use)	than	larvae,	which	potentially	in-
creases	 their	exposure	to	different	stressors,	and	this	may	 increase	
the	 frequency	 for	 additive	 outcomes	 or	 synergisms	 (Segner	 et	al.,	






variability	 in	 antagonistic	 responses.	 While	 the	 minimum	 required	
number	 of	 effect	 sizes	was	 reached	 in	 our	meta-	analysis,	 this	 high	
variability	highlights	the	need	for	more	research	on	adult	fish.












The	 volume	 of	 experimental	 units	 varied	 considerably	 across	
studies	 from	 laboratory	 beakers	 to	 outdoor	 ponds,	 from	 0.1	 to	
843,000	L.	 We	 found	 that	 with	 increasing	 volume,	 the	 overall	






interactions	multiply	 due	 to	 the	 increasing	 occurrence	 of	 indirect	
stressor	effects,	which	may	 reduce	 the	probability	of	 antagonistic	
responses	(Bruder	et	al.,	2017;	Elliott,	2000;	Segner	et	al.,	2014).	In	








2014;	Townsend	et	al.,	 2008).	For	 instance,	 fish	 survival	displayed	
significantly	 stronger	 antagonisms	 than	 responses	 related	 to	 fish	
biomass,	whose	overall	interaction	type	was	additive.	Physiological	
responses	 also	 showed	 antagonistic	 interactions;	 however,	 these	
were	weaker	than	those	for	survival.	Synergisms	may	be	promoted	


















Models df ΔAICc w
Taxon	+	life	stage 9 0.00 0.42
Taxon	+	life	stage	+	volume 10 1.97 0.16
Taxon	+	life	stage	+	response	type 11 2.14 0.14
Taxon	+	life	stage	+	habitat 10 2.42 0.12
Taxon	+	life	stage	+	intensity 11 2.93 0.10
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(corresponding	to	100%	mortality	 in	an	experiment).	 In	these	situ-






tiplicative	 multiple-	stressor	 models	 was	 beyond	 the	 scope	 of	 our	
study.
Lentic	 experimental	 habitats	 (simulating	 pond	 or	 lake	 environ-
ments)	 showed	 a	 slightly	 higher	 prevalence	 of	 antagonisms	when	
compared	 to	 lotic	 habitats	 (simulating	 streams	 or	 rivers)	 although	
this	difference	was	not	significant.	Lotic	ecosystems	experience	an	







stressors,	would	 lead	 to	adaptations	of	organisms,	 translating	 into	







antagonisms.	This	 corroborates	earlier	 suggestions	 that	 synergisms	
need	 time	 to	 develop,	 since	 positive	 feedbacks	 between	 stressors	
accumulate	with	time	and	tend	to	increase	negative	physiological	re-
sponses	 and	population	extinction	 risk	 (Brook,	 Sodhi,	&	Bradshaw,	
2008),	for	example	if	energetic	costs	of	organisms	to	tolerate	stress-
ors	 increase	with	time	(Segner	et	al.,	2014).	 In	the	only	other	study	
that	 tested	 temporal	 effects	 on	 multiple-	stressor	 interactions,	











4.4 | Application to biodiversity conservation









avoid	 lethal	 near-	surface	water	 temperatures,	which	 also	 reduced	








flows	 diminishing	 prey	 availability,	may	 be	 particularly	 susceptible	
to	 direct	 stressors	 such	 as	 increasing	water	 temperatures	 (Bruder	
et	al.,	2017).
However,	 some	 studies	 have	 demonstrated	 that	 findings	 from	
experimental	 research	 can	 be	 transferred	 to	 natural	 real	 ecosys-










antagonistic.	 This	difference	 in	 interaction	outcomes	between	ex-
perimental	and	real	freshwater	ecosystems	could	be	a	consequence	
of	differences	in	spatial	and	temporal	scales,	which	would	support	
our	 observation	 that	 synergisms	 tend	 to	 develop	 in	 larger	 experi-
mental	 volumes	 and	over	 longer	 timescales	 aligned	with	 real	 eco-
systems	 as	 opposed	 to	mesocosm	 experiments.	 Alternatively,	 this	




vantages	 of	 allowing	 comparisons	 based	 on	 findings	 of	 controlled	
factorial	experiments	and	testing	gradients	of	moderator	variables	
such	 as	 volume	 of	 experimental	 units.	 Until	 sufficient	 controlled	




5  | CONCLUSIONS AND RESE ARCH NEEDS
We	have	shown	that	the	prevalence	of	antagonistic	interactions	dif-
fered	among	 freshwater	 fish	 taxa	 and	 life	 stages.	This	 key	 finding	
suggests	that	a	wide	range	of	species	as	well	as	different	life	stages	
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should	 be	 considered	 in	 the	 conservation	 planning	 for	 freshwater	
fish.	We	demonstrate	that	these	intrinsic	variables,	and	to	a	 lesser	
degree	 also	 extrinsic	 variables,	modified	multiple-	stressor	 interac-
tion	outcomes.	Strength	of	antagonisms	diminished	with	increasing	







for	 streams	 than	 for	 lakes	 (Nõges	et	al.,	 2016),	 and	 this	 is	 at	 odds	
with	 their	 representation	 in	 experimental	 studies	 involving	 fresh-
water	fish	(i.e.	our	meta-	analysis	included	just	20	interactive	effect	
sizes	 from	experiments	mimicking	 streams	 compared	 to	152	 from	
experiments	 mimicking	 lakes).	 This	 contrast	 might	 be	 caused	 by	
differences	in	traditions	between	the	two	research	fields	or	meth-
odological	 feasibility.	 In	 any	 case,	 this	 discrepancy	 suggests	more	
manipulative	experiments	mimicking	stream	ecosystems	are	needed	
to	provide	a	more	solid	mechanistic	understanding	for	management	
and	 restoration	 of	 stream	 fish	 populations	 under	 the	 influence	 of	
multiple	stressors.
Overall,	 more	 effort	 should	 go	 into	 manipulative	 multiple-	
stressor	experiments	on	freshwater	fish,	which	will	allow	assess-
ing	 the	 role	 of	 extrinsic	 moderator	 variables	 in	 greater	 depth.	
Once	more	experimental	and	survey-	based	data	are	available,	the	
next	exciting	step	would	be	to	assess	stressor-	specific	impacts	on	
fish	 by	 also	 accounting	 for	 stressor	 identity,	 for	 example	 physi-
cal,	 chemical,	 resource	 and	 predation	 stress.	 Further,	 our	 study	
revealed	that	just	four	fish	orders	(represented	by	seven	species)	
currently	 provide	 sufficient	 data	 to	 satisfy	 the	 requirements	 of	




economically	 important	species.	While	 it	 is	easier	 to	get	permits	
to	 study	 fish	 species	 that	 are	 abundant	 and	 easily	 reared	 under	




a	wide	variety	of	 fish	species,	 including	 rare	and	endangered	spe-
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